T he global demand for agricultural crops is increasing and is expected to roughly double by 2050, propelled by rapid global population growth (Ray et al., 2012; Tilman et al., 2011) . The demand for phosphate rock is expected to increase correspondingly, from 176 Tg in 2010 to 262 Tg by 2050 (Cooper et al., 2011) . Many studies have highlighted the need to increase P use efficiency because P is a nonrenewable resource (Cordell et al., 2009; Johnston et al., 2014; Van Kauwenbergh, 2010) . However, with the intensification of agriculture, overestimates of the P requirement have led to excessive P fertilizer application, which results in a decrease in P use efficiency and is associated with widespread environmental problems (Le et al., 2010; Liu et al., 2011) . For instance, the deterioration in the quality of surface water bodies (Foy and Withers, 1995; Sharpley and Rekolainen, 1997) and production of toxic algal blooms impacts adversely on biodiversity, water quality, fish stocks, and the recreational use of the water body (Johnston et al., 2014) . With the constraints imposed by environmental and economic factors, further increases in food production must be achieved by increasing P use efficiency as opposed to greater investment in P fertilizer (Cordell et al., 2009; Hilton et al., 2010; Tilman et al., 2002) .
Previous studies have reported variation in uptake requirements among management strategies, environments, and genotypes (Chuan et al., 2013; Clárk, 1983; He et al., 2009; Liu et al., 2006; Manske et al., 2001 ). For example, in an investigation of the effects of 14 application rates on the wheat P requirement, the requirement (expressed per megagram grain yield here) ranged from 1.4 to 6.4 kg (Obaid-ur-Reham et al., 2007) , and the winter wheat requirement was 3.8 to 4.5 kg under six application rates (Teng et al., 2013) . In a study of nine winter wheat cultivars in Australia, the requirement was 1.9 to 5.3 kg (Jones et al., 1992) . Agricultural extension staff and farmers in China tend to believe that uptake requirement and fertilizer use should increase disproportionately with increasing grain yield. For example, a survey conducted in Hubei, China, found that the lowest P application rate by farmers was 12 kg P 2 O 5 ha -1 with a corresponding yield of 3750 kg ha -1 , and the highest application rate was 112.5 kg P 2 O 5 ha -1 for a yield of 9165 kg ha -1 (Sheng, 2005) . Therefore,
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ABSTRACT
Overestimation of the P requirement has been a driving force in the overuse of P fertilization in intensively managed agricultural systems and the resulting extensive environmental pollution. A database comprising 2157 measurements was developed from 2000 to 2013 using 45 on-farm and station trials to evaluate the relationship between aboveground P uptake and grain yield with different P fertilizer (P f ) treatments and to quantify P requirements per megagram of grain at different grain yield levels. Winter wheat (Triticum aestivum L.) yield ranged from 0.9 to 11.7 Mg ha -1 . The P requirement per megagram of grain yield (P req ) increased with P f supply from 4.1 kg under the treatment without P f to 4.8 kg under the P f surplus treatment. These results imply that excessive P application generally does not lead to greater P use efficiency and poses a potential environmental threat. Under the optimal P f (P f = Opt) treatment, the average P req was 4.5 kg, and it declined from 4.7 kg in the yield range of <4.5 Mg ha -1 to 4.2 kg in the yield range of >9 Mg ha -1 due to the increasing harvest index (from 45.7 to 48.2%) and the diluting effect of declining grain P concentrations (from 3.8 to 3.2 g kg -1 ). The largest variation in shoot biomass and P accumulation under P f = Opt treatment occurred from the stem elongation to anthesis growth stages, suggesting that, in addition to P f supply, crop management during the early growth season is also important for achieving higher yields.
a clear understanding of the relationship between grain yield and uptake and the defined requirement per unit grain yield is necessary to optimize management in high-yielding agricultural systems in the future. Phosphorus accumulation occurs throughout the life of a plant until physiological maturity (Batten, 1992) . Numerous previous studies have reported that accumulation is easily influenced by management strategies and the environment and displays large variation. For example, studies conducted in two soil types in Mexico found that, in an acidic soil, pre-anthesis accumulation under high and low supply conditions was 58 and 69%, respectively, but in a calcareous soil it was 100% at both supply levels (Manske et al., 2001) . A study comparing well water irrigation and water stress conditions reported that post-anthesis accumulation was greater under well water application than water stress environments (Clarke et al., 1990) .
Previous studies estimating the requirements of wheat have generally involved site-specific field experiments, mostly conducted at research stations. Very few attempts have been made to investigate the physiological uptake-yield relationship across widely different farming environments in China Chuan et al., 2013) . Therefore, such a study in China should provide valuable information for developing optimal management strategies, as well as introducing these benefits to a wide range of farmers and policymakers who implement such recommendations. In the present study, we developed an extensive database for winter wheat covering a wide yield range (0.9-11.7 Mg ha -1 ) with an average yield of 4.8 Mg ha -1 , which is 60% higher than the global average yield of 3.0 Mg ha -1 in 2010 (FAO, 2011) . The objectives of this work were to: (i) quantify the wheat grain yield-P uptake requirement relationship in China; (ii) evaluate the changes in uptake requirement per megagram grain yield for different wheat yield levels under optimal application conditions; and (iii) investigate the variation in the shoot biomass and P accumulation in relation to grain yield for different wheat yield levels under optimal application conditions.
MATERIALS AND METHODS
Database
The database used for our analyses contained 2157 measurements of winter wheat yield ( 13% moisture) and P parameters determined at physiological maturity. These included the total dry matter measurements of grain and straw, as well as the P concentrations of grain and straw. The database used for the analysis was collected from 45 on-farm and station trials in Hebei (n = 744), Henan (n = 260), Shandong (n = 299), Shaanxi (n = 115), and Jiangsu (n = 739) provinces conducted by us in collaboration with other partners between 2000 and 2013. Hebei, Henan, and Shandong provinces are on the North China Plain, which has a warm-temperate, subhumid, continental monsoon climate, with cold winters and hot summers. The annual precipitation in the North China Plain is 500 to 700 mm, with about 20 to 30% occurring in the winter wheat growing season (Hou et al., 2012) . Shaanxi province is located in northwest of China, characterized by cold winters and dry, hot summers. The annual precipitation in this area is 500 to 800 mm, with about 30% occurring during the winter wheat growing season (Hou et al., 2012) . Jiangsu province is in the oceanic and continental transition zone, which includes cold winters and hot summers. The annual precipitation is 780 to 1200 mm, with about 35 to 45% occurring in the winter wheat growing season . The specific details of these on-farm and station experiments are not reported here to concentrate the focus on quantifying the P requirement per megagram of grain for winter wheat under a wide range of environmental conditions and nutrient supply levels.
Winter wheat was cultivated with one harvest per year as continuous winter wheat or following the wheat with maize (Zea mays L.) or rice (Oryza sativa L.). At all sites, local commercially available winter wheat, adapted to the specific environment with high yield potential, was grown. All experiments consisted of a randomized complete block design with three or four replications. The plot area varied from 20 to 300 m 2 . Winter wheat was planted from early to mid-October and harvested in mid-June. The data set contains a large number of different nutrient management treatments. Nitrogen applications ranged from 0 to 450 kg N ha -1 , P fertilizer (P f ) applications ranged from 0 to 400 kg P 2 O 5 ha -1 , and K applications ranged from 0 to 180 kg K 2 O ha -1 . Nitrogen was applied before sowing and as a topdress at the stem elongation stage, and P and K were only applied before planting. All 2157 data points were grouped into four categories based on soil testing or agronomists' recommendation: P f = CK, no P 2 O 5 applied; P f < Opt, P f application rate from >0 to <50 kg P 2 O 5 ha -1 ; P f = Opt, P f application rate from ³50 to <150 kg P 2 O 5 ha -1 ; and P f > Opt, P f application rate ³150 kg P 2 O 5 ha -1 . No obvious water, weed, disease, or insect problems were observed at any of the sites during the growing season.
To examine the relationships between yield and shoot biomass and P accumulation at different growth stages, we collected 224 samples from the P f = Opt treatment. The samples were taken at the re-greening (GS25), stem elongation (GS30), anthesis (GS60), and maturity (GS100) stages.
Sampling and Laboratory Procedures
At GS100, the entire plot was harvested to measure the biomass and grain yield and dried to a constant weight at 75°C. The grain yield is reported at 13% moisture content. To determine straw and grain P concentrations, the dried samples were milled and subsequently digested with concentrated H 2 SO 4 and H 2 O 2 , and the total P was determined using the molybdate-blue colorimetric method (Murphy and Riley, 1962) . Measurements at GS25, GS30, and GS60 were recorded by sampling the aboveground parts of two rows (0.5-m length) and drying to a constant weight at 75°C, and the shoot biomass, grain yield, and P concentrations in the dried straw and grain samples were determined as for the GS100 samples, described above.
The harvest index (HI) is defined as the proportion of the grain dry weight relative to the aboveground dry matter. The phosphorus harvest index (PHI) is defined as the P accumulation in the grain as a proportion of the total aboveground P accumulation. The P requirement (P req ) is defined as the quantity of aboveground P required to produce 1 Mg of grain.
Data Analysis
All data were divided into four groups: no P f as a control (P f = CK); below optimal P f application (P f < Opt), from >0 to <50 kg P 2 O 5 ha -1 ; optimal treatment, with P f application rates from ³50 to <150 kg P 2 O 5 ha -1 (P f = Opt); and above optimal P f application (P f > Opt), which included all P f application rates ³150 kg P 2 O 5 ha -1 . All data from the P f = Opt treatment were divided into five groups according to grain yield: <4.5, 4.5 to 6.0, 6.0 to 7.5, 7.5 to 9.0, and >9.0 Mg ha -1 . The relationship between aboveground P f uptake and grain yield was fitted using linear, quadratic, and power models using SigmaPlot 10 for Windows (Systat Software). The power model with the best fit to the data was chosen to represent the relationship between grain yield and aboveground P uptake at maturity.
RESULTS AND DISCUSSION
General Overview of the Data Set
The winter wheat grain yield (at 13% moisture, n = 2157) averaged 4.8 Mg ha -1 with a range of 0.9 to 11.7 Mg ha -1 (Table 1) , which was close to the reported average wheat grain yield in China (4.7 Mg ha -1 ) and around 60% higher than the global average wheat yield in 2010 (3.0 Mg ha -1 ; FAO, 2011). The HI ranged from 30.6 to 50.0%, with an average of 46.7% (Table 1) , which is in the range of 40 to 60% reported in modern cultivars of most grain crops (Hay, 1995) .
Due to the wide range of environmental and supply conditions, the P concentration in grain (1.2-6.0 g kg -1 , with an average of 3.6 g kg -1 ) and straw (0.1-1.4 g kg -1 , with an average of 0.8 g kg -1 ) displayed large variation (Table 1) . This is in agreement with the ranges of 1.1 to 13.5 and 0.1 to 1.9 g kg -1 for the P concentration in grain and straw, respectively, reported by Chuan et al. (2013) . The P uptake by aboveground plant dry matter averaged 20.4 kg ha -1 , with a range of 2.7 to 64.1 kg ha -1 , and the average PHI was 80.2% (Table 1) .
Grain Yield, Phosphorus Concentration, and Phosphorus Requirement under Different Phosphorus Fertilizer Treatments
The average grain yield of the winter wheat varied significantly under different application rates: 3.7 Mg ha -1 at P f = CK (n = 316), 4.4 Mg ha -1 at P f < Opt (n = 470), 5.2 Mg ha -1 at P f = Opt (n = 1232), and 5.3 Mg ha -1 at P f > Opt (n = 139). The higher grain yield is strongly correlated with higher biomass (Table 1) . Across all treatments, aboveground uptake increased with increasing application rate, from 14.6 kg ha -1 at P f = CK to 24.6 kg ha -1 at P f > Opt (Table 1) . Previous studies on winter wheat (Teng et al., 2013; Yue et al., 2012) and maize (Deng et al., 2014; Liu et al., 2014) also reported that grain yield increased with increasing supply at first and then more slowly to a plateau. These results indicate that supply increases winter wheat grain yield, but that excessive application does not keep the higher increase rate in yield but poses a potential environmental threat (Table 1) .
The average P req in the P f = Opt treatment was 4.5 kg Mg -1 grain yield, which was higher than the 4.1 kg in the P f = CK and 4.4 kg in the P f < CK treatments but lower than the 4.8 kg in the P f > Opt treatment (Table 1) . Additionally, the average grain and straw concentrations in the P f = Opt treatment (3.7 and 0.8 g kg -1 ) were higher than in the P f = CK treatment (3.3 and 0.7 g kg -1 ) and P f < Opt treatment (3.5 and 0.7 g kg -1 ) but lower than in the P f > Opt treatment (3.8 and 0.9 g kg -1 ), suggesting that excessive P application generally does not lead to greater P use efficiency and greater concentration in the grain and that the extra P accumulated instead in the straw and poses a potential environmental threat.
Changes in Phosphorus Uptake Requirement with Increasing Grain Yield under Optimal Phosphorus Fertilizer Application
The aboveground uptake and grain yield under the P f = Opt treatment showed a positive power function (Fig. 1) , and 86% of the variation in aboveground uptake was explained by grain yield. To obtain a clearer understanding of the P uptake requirement in relation to grain yield, all data from the P f = Opt treatment were grouped into five yield ranges: <4.5 Mg ha -1 (n = 422, mean yield: 2.4 Mg ha -1 ), 4.5 to 6.0 Mg ha -1 (n = 243, mean yield: 5.3 Mg ha -1 ), 6.0 to 7.5 Mg ha -1 (n = 361, mean yield: 6.7 Mg ha -1 ), 7.5 to 9.0 Mg ha -1 (n = 155, mean yield: 8.0 Mg ha -1 ), and >9.0 Mg ha -1 (n = 51, mean yield: 9.9 Mg ha -1 ).
The P requirement decreased from 4.7, 4.5, 4.5, 4.4, to 4.2 kg Mg -1 grain yield for yield ranges of <4.5, 4.5 to 6.0, 6.0 to 7.5, 7.5 to 9.0, and >9.0 Mg ha -1 , respectively, with an average of 4.5 kg (Fig. 2) . This could be attributed to a decrease in the grain P concentration (from 3.8 to 3.2 g kg -1 ) and an increase in the HI (from 45.7 to 48.2%) (Fig. 3) . The reduced P req with increasing yield indicates that the P use efficiency increased with increasing yield. A lower P req in the present study indicates a higher P use efficiency, which is very important in high-yield and intensive agricultural systems. The average P req in the present study was lower than the 7.5 kg reported by Dordas (2009) at the optimum P f application rate. This is because the average grain concentration in the present study was 3.7 g kg -1 , which was lower than the 5.0 g kg -1 reported by Dordas (2009) , and the average grain yield in the present study was 5.2 Mg ha -1 , higher than the 3.38 Mg ha -1 reported by Dordas (2009) . The P req in the present study was also lower than the 5.2 kg reported in studies conducted in Shandong, China (Shandong Agricultural University, 1995) .
Although all data in the present study were collected from the P f = Opt treatment, large variations in yield, aboveground P uptake, and P req ( Fig. 1 and 2) were found in the present study. This may imply that some factors other than fertilizer also impact on the aboveground P uptake, P req , and yield. Previous studies reported that soil water content, temperature, and pH could influence the diffusion of P in the soil, affecting the rate of P moving to the root surface, and thus impacting P uptake and use efficiency (Barber, 1976 (Barber, , 1980 . For example, Sutton (1969) reported that increasing temperature increased isotopically exchangeable P in solution. Symbiosis with certain soil fungi, like arbuscular mycorrhizae, can improve plant P uptake and use efficiency and shoot growth (Barea et al., 2008; Marschner, 2012; Kothari et al., 1991) . Crop management like early sowing, tillage, irrigation, and mulching also has a great effect on P use efficiency and yield. Batten et al. (1993) reported that early sowing significantly increased P use efficiency and yield. Mulching can improve P use efficiency and yield (Onderdonk and Ketcheson, 1973) . Therefore, some researchers investigated novel ways, like using symbiotic bacteria and endomycorrhizae (Aseri et al., 2008; Wu et al., 2005; Ryan et al., 2008) , early sowing (Batten et al., 1993; Klein et al., 2002) , mulching (Onderdonk and Ketcheson, 1973) , and fertilizer placement (Schröder et al., 2011) to increase P use efficiency and yield.
Dynamics of Shoot Biomass and Phosphorus Uptake under Optimal Phosphorus Fertilizer Application
To investigate the relationship between yield and P uptake and shoot biomass accumulation at different growth stages, 224 data points were collected from P f = Opt treatment samples that had dynamic sampling data at GS25, GS30, GS60, and GS100; these 224 data points were grouped into four categories according to the yield range: <6.0 Mg ha -1 (n = 67), 6.0 to 7.5 Mg ha -1 (n = 73), 7.5 to 9.0 Mg ha -1 (n = 61), and >9.0 Mg ha -1 (n = 23).
From sowing to GS25, 0.4 Mg ha -1 shoot biomass was accumulated at a yield of <6.0 Mg ha -1 , 25 to 31% lower than the remaining yield ranges (Fig. 4) . The P accumulation at <6.0 Mg ha -1 was 1.4 kg ha -1 , 2 to 15% lower than the other yield ranges. The lowest wheat biomass and P accumulation at a yield of <6.0 Mg ha -1 , compared with the remaining three yield ranges, were maintained throughout the subsequent growth stages, suggesting poor agronomic management, such as sowing quality or late sowing, as the main cause.
Compared with a yield of 6.0 to 7.5 Mg ha -1 , shoot biomass and P accumulation at the 7.5 to 9 and >9.0 Mg ha -1 yield ranges were similar before GS25 (Fig. 4) . From GS25 onward, these began to diverge among the three yield ranges, with the greatest difference occurring between GS30 and GS60. During this stage, the 7.5 to 9.0 and >9.0 Mg ha -1 yield ranges accumulated biomass of 6.1 and 7.3 Mg ha -1 , respectively, with Table 1 . Descriptive statistics of grain yield, harvest index (HI), concentration of P ([P]) in grain and straw, total P uptake, P harvest index (PHI), and P uptake requirement (P req ) at maturity of winter wheat. P accumulation of 11.0 and 12.3 kg ha -1 , respectively. These changes may imply that the growth stage from GS30 to GS60 is key in achieving higher grain yield. Stover P concentration decreased with advancing growth stage, and the highest concentration was found at GS25 (Table  2) . This is in agreement with previous studies demonstrating that the concentration decreases with advancing plant age or stage of growth (Bélanger and Richards, 1999) . The decreasing concentration with time may be attributed to the fact that, as the plant matures, an increasing proportion of its dry weight is composed of low-P structural and storage tissues (Grant et al., 2001 ).
An adequate P f supply in the early growth season is important for later plant growth and P uptake (Boatwright and Viets, 1966; Grant et al., 2001) . Although all data in the present study were collected from the P f = Opt treatment, a large variation in shoot biomass and P accumulation was still observed. The lowest biomass and P accumulation of the entire growth season was found for yields of <6.0 Mg ha -1 , which suggests that poor agronomic management (poor sowing quality, later sowing; Batten et al., 1999 Batten et al., , 1993 Geleta et al., 2002; Schillinger et al., 1998) may have been the main cause. Previous studies in winter wheat reported that, compared with late sowing, early sowing had higher yields and P accumulation and even without applied P f accumulated more P (Batten et al., 1999) . In addition, compared with the yield of 6.0 to 7.5 Mg ha -1 , the biomass and accumulation for the 7.5 to 9.0 and >9.0 Mg ha -1 yield ranges began to diverge beginning at GS25, and this divergence continued until maturity, with the greatest difference occurring from GS30 to GS60. These results may imply that during this stage, plant growth (e.g., the mortality of unproductive tillers; Lu et al., 2015) , agronomic management (irrigation, top dressing; Schultz, 1984a, 1984b) , and environment (late spring; Batten et al., 1986) may be the main causes of this difference. Thus, the growth stage from GS30 to GS60 is of paramount importance in the process of developing higher yields, and this is what determines the plant growth during the following growth stages (Fig. 4) . This period represents the bridge between vegetative growth and reproductive growth. Better vegetative growth during the stem-elongation stage might lead to higher stem quality, and thus more stem would survive from stem elongation to anthesis. Furthermore, fertile floret differentiation development during this stage determines the number of kernels per spike and grains per spike, which are the two main yield components that determine the final grain yield . Shoot biomass accumulation was highest, at around 288 kg ha -1 d -1 , from GS30 to GS60, and then decreased with time. This is in agreement with previous studies in spring wheat in which the highest biomass accumulation rate occurred during this stage (Boatwright and Haas, 1961 ). This rate is not similar to what has been observed in most European countries. For example, a study conducted in Germany reported a shoot biomass accumulation rate of 200 kg ha -1 d -1 during this stage, which continued to increase to 250 kg ha -1 d -1 in the early grain-filling stage (Diekmann and Fischbeck, 2005) . This difference may be caused by temperature. The dry and hot wind in May and June in China's wheat production area accelerates wheat maturation (Sun et al., 2006) , while the cool Fig. 4 . Total aboveground P uptake and shoot biomass dynamics for five yield ranges under optimum P treatment (GS25, GS30, GS60, and GS100 are re-greening, stem elongation, anthesis, and maturity stages, respectively). Table 2 . Stover P concentration from re-greening to maturity and grain P concentration at maturity for the optimum P treatment at five yield ranges (GS25, GS30, GS60, and GS100 are the re-greening, stem elongation, anthesis, and maturity stages, respectively).
Yield range n
Stover conc. Grain GS25 GS30 GS60 GS100 GS100 Mg ha -1 -----------------------g kg -1 -----------------------<6 67 4.0 ± 1.1 3.2 ± 0.8 2.3 ± 0.2 0.4 ± 0.1 3.6 ± 0.5 6-7.5 73 3.6 ± 0.8 2.7 ± 0.7 2.3 ± 0.6 0.4 ± 0.2 3.3 ± 0.8 7.5-9 61 3.3 ± 1.0 2.7 ± 0.6 2.2 ± 1.0 0.4 ± 0.1 3.2 ± 0.7 >9 23 3.0 ± 1.0 2.6 ± 0.0 2.1 ± 0.3 0.3 ± 0.1 3.1 ± 0.6 temperatures in Germany can increase the length of the grainfilling stage and increase yield (Diekmann and Fischbeck, 2005) . Thus, in Germany, the higher dry matter accumulation rate during the early grain-filling stage and the longer grain-filling stage can lead to higher wheat yields. CONCLUSION Uncertainties in the estimates of the winter wheat P requirement for different yield ranges and P management regimes have resulted in overuse and various environmental problems. A robust database of 2157 observations was used to quantify the relationship between P req and grain yield. The average P req increased with application rate. Excessive application does not maintain a higher increase rate in yield or grain concentration, and the extra P accumulates instead in the straw and poses a potential environmental threat. Under the P f = Opt treatment, the P req decreased with increasing grain yield, which is attributed to the increased HI and dilution effects from declining grain concentrations. The largest variation in shoot biomass and accumulation under the P f = Opt treatment occurred from the stem elongation to anthesis growth stage, suggesting that, in addition to the P f supply, improved crop management during the early growth season is also key for achieving higher yields.
